We measured the bulk grain concentrations of arsenic (As), along with rubidium (Rb) and strontium (Sr) 2 as indicators of phloem and xylem transport respectively, in rice (Oryza sativa cv. Italica Carolina) pulsed 3 with arsenate at two exposure levels for 5 day periods at progressively later stages of grain fill, between 4 anthesis and maturity, through the cut flag leaf. We compared these to unexposed (negative) controls 5 and positive controls; pulsed with dimethylarsinic acid (DMA). We collected elemental maps of As and 6 micronutrient elements (Fe, Zn, Mn, Cu and Ni) from developing grains of rice. Exposures were either 7 25 or 100 µg/ml arsenate (As(V)) at various stages of grain development, compared to 25 µg/ml 8 dimethylarsinic acid (DMA); the most efficiently transported As species identified in rice. We used the 9 spatial distribution of arsenic in the grain to infer the presence of As transporters. By exposing grains 10 through the flag leaf rather than via the roots, we were able to measure arsenic transport into the grain 11 during filling under controlled conditions. Exposure to 100 µg/ml As(V) resulted in widespread As 12 localization in both embryo and endosperm, especially in grains exposed to As at later stages of panicle 13 development. This suggests loss of selective transport, likely to be the result of As toxicity. At 25 µg/ml 14 As(V), As colocalized with Mn in the ovular vascular trace (OVT). Exposure to either As(V) or DMA 15 reduced grain Fe, an effect more pronounced when exposure occurred earlier in grain development.
significant sources of As exposure was demonstrated recently when organic brown rice syrup (OBRS), inorganic As in rice bran [27] means that processed forms of rice bran or whole brown rice may be a 1 significant dietary source of concentrated inorganic As. DMA is efficiently transported into the 2 endosperm, but As(III) remains in the maternally-derived outer bran layers [32] , in particular the ovular 3 vascular trace (OVT) a strand of vascular tissue that is the main route of nutrient transport from the 4 mother plant during grain fill. The extent to which As(V) is transported to the grain and its distribution 5 is less clear; obscured by speciation changes that occur during uptake and long distance transport 6 within the plant.
7
The aim of this study was to measured the distribution and abundance of total As in the tissue layers of 8 rice grains pulsed with As(V) directly through the flag leaf during grain development using synchrotron 9 X-ray fluorescence microscopy (SXRF). We comparing this to a negative control (no As pulse) and a 10 positive control consisting of a DMA pulse;the form of As most efficiently transported into the 11 endosperm of rice. Also following our previous work (REF), we used co-exposure to rubidium (Rb) and 12 strontium (Sr) as markers of phloem and xylem transport activity. While bulk analysis of As 13 concentrations in grains is critical, only spatially resolved techniques are able to provide information on 1 temperature greenhouse until anthesis, as described in Carey et al.[26] . Briefly, seeds were sown 2 directly into trays of John Innes No. 2 potting compost and transferred to 1 L pots after two weeks 3 under tropical conditions (23-35 °C), with additional lighting supplied at 150 µmol•m −2 •s −1 via sodium 4 lamps. Plants were fed with Sangral soluble fertilizer (Sinclair) on a weekly basis, with a N:P:K ratio of 5 1:1:1 plus 1 MgO diluted 1 in 100 (w/v). Rice panicles were exposed to As(V) or DMA at different stages 6 of grain development as described in Table 1 . Treatment stock solutions were prepared by dissolving 7 the appropriate salt in Milli-Q deionized water, and the appropriate number of subsamples of each 8 stock were frozen for subsequent removal and use on the relevant day. Treatment vials were prepared 9 by making 0.25 mL of the defrosted treatment stock up to 1 mL with Milli-Q deionized water and using with final concentration of 85.5 and 87.6 µg/ml (1 mM) respectively [27] . Solutions were pH adjusted to 13 6.4 with NaOH.
14 The tip of the flag leaf was removed with a surgical steel blade and discarded. The cut surface of the 15 flag leaf was inserted in to the Eppendorf vial, taking care to immerse the cut surface in the treatment 16 solution. Treatment solutions used were As(V) (25 µg/ml and 100 µg/ml) and DMA (25 µg/ml) ( Table 1 ).
17
The experimental design focused on the response of grain development to As(V). Therefore, we 18 included 25 µg/ml DMA treatment at 8 DPA as a qualitative comparison to the As(V) treatments. Our 19 previous work showed that transport of organic As was so efficient that plants would not survive a 20 parallel treatment schedule using DMA [26] . Treatment vials were foil-wrapped to limit evaporative 21 loss and contamination, and the vials were attached using tape. Fresh treatment vials were applied 22 every 24 h, with the tip of the leaf re-cut to ensure entry. Arsenic treatments were applied at varying 23 stages of grain development, as described in Table 1 , using the onset of anthesis as a starting point. 
8
Grains were selected from the top and middle regions of the panicle and husks were removed manually.
9
Oven dried samples were subject to microwave-assisted digestion and analyzed for total As 10 concentration via ICP-MS as described in Sun et al. [39] . Quality control procedures were as described in 
A 5-day pulse of either 25 or 100 µg/ml As(V) at 10 DPA resulted in higher grain arsenic concentrations.
10
Exposure at 15 DPA resulted in toxicity, which hindered grain development, resulting in lower mean 11 grain arsenic accumulation. As expected, exposure to 100 µg/ml As(V) resulted in higher As 12 accumulation (Table 1, Figure 1 ). Inclusion of 1 mM Rb and Sr in the pulse solution acted as markers of
Elemental Distribution and Abundance 1

Elemental Maps
2 Synchrotron X-Ray Fluorescence elemental maps of As, Fe, Zn, Mn and Cu in grains exposed to As(V) 3 together with positive and negative controls are shown in Figure 1 . Elemental maps of low-atomic 4 number elements phosphorus and sulphur were not collected from this dataset due to the use of a 5 higher incident energy needed to reach the As Kα fluorescence line. We did not include calcium or 6 potassium in our analytes of interest because of their high abundance in the husk tissue through which 7 our images were collected. We analyzed the 100 µg/ml treatment only for the As(V) time course 8 because this imparted higher concentrations and more pronounced differences in grain As levels, and 9 because of the limitations on synchrotron beam time. For 2D imaging at 10 µm spatial resolution, the 10 bran layers (pericarp, aleurone and tegument) are not distinguishable. Further, distinguishing the bran 11 layer from the endosperm is also not unequivocal in 2D mapping compared to tomography, therefore 12 we use caution in interpreting two-dimensional map of unsectioned specimens. Elemental maps showed that grains exposed to 25 µg/ml of As(V) at 0 DPA accumulated As primarily in 3 the OVT, whereas those exposed to 100 µg/ml of As(V) at the same growth stage did not. Bulk grain As 4 concentrations doubled in 100 µg/ml arsenate at 0 DPA compared to 25 µg/ml. Elemental maps 5 indicate that As is diffusely distributed throughout the grain.
6
Phytotoxicity was a factor in As distribution at 100 µg/ml As(V). Exposure to 100 µg/ml As(V) at all 7 tested timepoints resulted in As accumulation in the embryo, endosperm or bran layer, rather than 
